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A B S T R A C T   

The radiation-induced grafting is used to prepare a variety of anion-exchange membranes (AEM) based on poly 
(ethylene-co-tetrafluoroethylene) (ETFE) utilizing a reversible addition-fragmentation chain transfer (RAFT) 
agent. The copolymerization process is controlled by the RAFT agent, resulting in AEMs with a restricted mo-
lecular weight dispersion. As a result, RAFT-AEMs exhibit decreased water uptake and reduced swelling. A 
significant improvement in thermal and mechanical characteristics is evidenced, while the conductivity remains 
practically unaltered. Anion-exchange membrane fuel cell (AEMFC) tests revealed that conventional RIG-AEMs 
and RAFT-AEMs with low RAFT content (5 wt%) have comparable beginning-of-life performances (~0.95 W 
cm− 2). However, for higher RAFT contents, the performance trends to decrease indicating an imbalance in water 
management. Furthermore, short-term stability tests suggest that RAFT-AEMs are able to operate highly stable, 
with a conductivity rate loss of 0.05% h− 1, which represents an improvement of 160% in comparison to con-
ventional RIG-AEM. AFM analysis demonstrated that structural ordering molecular and morphology tailor the 
fundamental properties of ETFE-based AEMs, combining enhanced performance and stability for alkaline fuel 
cell applications.   

1. Introduction 

Anion exchange membrane fuel cells (AEMFC) constitute the new 
generation of alkaline fuel cells, whose main feature is the replacement 
of liquid electrolytes with polymeric anion-exchange membranes. 
AEMFCs have many benefits and advantages over other types of fuel 
cells, such as reduced fuel crossover and fast cathode reaction kinetics in 
alkaline medium. This feature proposes the AEMFCs as a more 
economically viable alternative to the well-established proton-exchange 
membrane fuel cells (PEMFCs) due to the possibility of using abundant 
catalysts, e.g., non-Platinum Group Metal (non-PGM) [1–3]. 

Anion exchange membranes (AEM) are ionomeric materials 
composed of non-ionic (polymer backbone) and ionic phases (func-
tionalized copolymer), which allow to membrane the ability to anion 
conduction [4,5]. In general, the polymer backbone ensures the chem-
ical and mechanical properties to AEM, while functional groups 

covalently bonded to side chains are responsible for the ionic conduction 
process [6]. Thus, AEM is the key component of new-generation clea-
n-energy conversion devices such as fuel cells, electrolyzers, batteries, 
and electrodialyzers to mitigate environmental pollution [7–10]. 

To obtain high-performance AEMs, the candidates should exhibit 
high anion conductivity and maintain mechanical integrity and chemi-
cal stability for different application purposes. The methods used to 
obtain these properties involve the optimization of synthesis strategies, 
the development of more stable functional groups, and the use of 
polymeric matrices with increased mechanical and chemical stabilities 
[11]. One of the most employed methods for AEM synthesis is 
radiation-induced grafting (RIG). The RIG is an interesting strategy 
because it can be applied in pre-formed commercial polymers, allowing 
the control of the degree of monomer copolymerized by changing the 
synthesis parameters without a need for a catalyst or another type of 
polymerization initiators, preventing further purification steps [12,13]. 
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This approach can be used in several types of polymers and monomers, 
and it is considered an easy, relatively cheap, and efficient method for 
AEM production [14]. On the other hand, controlling and tailoring 
structural properties such as molecular weight and dispersion of grafted 
polymers are not achieved using RIG methods [15]. In addition, the 
occurrence of parallel reactions, mainly chain scission, and crosslinking 
during RIG can lead to modification in the polymeric structure, affecting 
its chemical and mechanical properties. 

The reversible deactivation radical polymerization (RDRP) method-
ology has challenged the field of polymer synthesis due to the possibility 
of producing polymers with controlled dispersity and molecular archi-
tecture such as multi-block, star, graft, alternating sequences, and other 
functionalities, which are not possible in the conventional free-radical 
polymerization (FRP) [16–18]. Among the methods of RDRP, the most 
common strategies are atom transfer radical polymerization (ATRP), 
nitroxide-mediated polymerization (NMP), and reversible 
addition-fragmentation chain transfer polymerization (RAFT). The NMP 
technique demands a long time and high temperature for the polymer-
ization process to occur, in addition, a reduced number of monomer 
types can be employed, whereas ATRP is generally a costly process due 
to the necessity of catalyst removal. Hence, RAFT polymerization has 
significant advantages over other RDRP techniques, which consist of the 
possibility of using many types of monomers and solvents under mild 
reaction conditions. This method can be adaptable to different systems 
of reaction initiation (UV-induced or gamma-induced) and promotes a 
more homogeneous grafting than conventional FRP as RIG method 
[19–21]. 

In general, molecular structure control in RAFT-based synthesized 
materials is usually achieved by using a chain transfer agent (CTA). The 
most used CTA is a dithioester-derivative, which has a strong ability to 
control molecular growth. Therefore, the synthesis mechanism is similar 
to conventional radical polymerization, but the main difference is the 
polymerization control obtained by the interchange of polymer radicals 
and organosulfur-based chain-transfer agents [22–25]. Although RAFT 
methodology has been requested in the control of the molecular weight 
of copolymerization processes, the mechanism understanding, polymer 
synthesis, and applications of RAFT-based materials are still scarce 
[26–29]. 

Polymer backbones are commonly used in the preparation of RIG- 
AEM due to the rapid formation of active sites for a suitable polymer 
matrix accomplishment [14]. Among the preferred backbones for AEMs, 
poly(ethylene-co-tetrafluoroethylene) (ETFE) occupies a special posi-
tion for combining hydrocarbon and fluorocarbon segments, which in 
turn leads to enhanced properties, such as good chemical, thermal and 
mechanical stability, besides high susceptibility of producing a large 
number of free radicals for grafting reaction [30–32]. Thus, these were 
the reasons for the choice of ETFE as the polymer matrix used to advance 
in strategies of synthesis of AEMs with rigorous molecular structure 
control in this exploratory study. 

The present work proposes the synthesis of a radiation-induced 
grafted ETFE-based high-stability anion-exchange membrane with a 
well-ordered molecular structure via the RAFT polymerization tech-
nique. Herein, properties of RAFT-based AEMs as thermal, chemical, 
morphological, mechanical, and electrical properties were extensively 
explored. Also, the resulting AEMs were evaluated in terms of perfor-
mance and stability, proving to be promising candidates as electrolytes 
for AEMFC devices. 

2. Experimental 

2.1. Materials 

Poly(ethylene-co-tetrafluoroethylene) film (25 μm, Nowofol) was 
used as pre-formed commercial polymer. Analytical grade chemicals 
and reagents were used as received. The following reagents were pur-
chased from Sigma-Aldrich: cyanomethyl dodecyl trithiocarbonate 

(RAFT agent), trimethylamine (TMA, 45% vol.), α-alumina, potassium 
hydroxide, acetone, toluene and CDCl3 deuterated (NMR grade). The 
mixture of isomers 3- and 4-vinylbenzyl chloride (VBC, 96%), employed 
as monomer, was supplied by Polysciences Chemistry Company. The 
inhibitor of VBC was removed using a column with α-alumina. 

2.2. Synthesis of AEMs 

2.2.1. Grafting step 
The grafting was performed by simultaneous method, which consists 

of irradiating concomitantly both base polymer and monomer. Con-
ventional radiation-induced grafted AEMs were prepared taking place 
ETFE films (18 × 3 cm) immersed in a mixture with inhibitor-free VBC 
(1.25 mL) and acetone (2.95 mL), in hermetically sealed vials. This 
sample will be referred as E0 to grafted-ETFE obtained by conventional 
RIG method. For RAFT-based membrane synthesis, different contents of 
RAFT agent, 5 mg, 15 mg and 30 mg were added. Such membranes were 
named E5, E15, and E30, respectively. Set of vials was irradiated with 
γ-rays from 60Co sources (Gamma Cell 220 - Atomic Energy of Canada 
Limited) with radiation absorbed dose of 15 kGy, activity of 17 TBq, and 
dose rate of 396.59 Gy h− 1 during 37.82 h at room temperature (RT, 
~25 ◦C). The radiation dose was fixed at 15 kGy aiming to evaluate the 
RAFT agent effect in the grafting process as well as minimize the 
impairment of the mechanical properties of the ETFE film due to chain 
scission degradation by γ-radiation at RT. The obtained grafted-ETFE 
was exhaustively washed with toluene and acetone to remove residual 
monomers and homopolymer. Finally, the grafted membranes (ETFE-g- 
poly(VBC)) were dried in a vacuum oven for 12 h. 

2.2.2. Amination step 
The amination reaction refers to the introduction of quaternary 

ammonium (QA) groups and was carried out by immersion of ETFE-g- 
poly(VBC) films into a TMA solution (45% vol.) under constant stir-
ring at RT for 24 h. As a sequence, ETFE-g-poly(VBC)-TMA membranes 
were exhaustively washed with ultrapure water (UPW) following heat 
wash for 2 h to remove the residual TMA. 

2.2.3. ETFE-g-poly(VBC)-TMA in the chloride form 
To avoid inaccurate data resulting from the carbonation process by 

ambient CO2, the ETFE-g-poly(VBC)-TMA was conditioned in the chlo-
ride form. AEMs in the chloride form were obtained by immersion in an 
aqueous solution of NaCl (1 M) at RT for 24 h accompanied by three 
replacements with fresh solution during this period. The AEMs were 
subsequently washed thoroughly with UPW to remove residual excess of 
NaCl and stored in UPW until their use. 

2.3. AEMs characterizations 

2.3.1. The chemical structure analysis and molecular weight measurement 
In order to study the chemical structure and molecular weight dis-

tribution of the AEMs as a function of the RAFT agent content, 13C solid- 
state nuclear magnetic resonance (NMR) spectroscopy, Raman spec-
troscopy, and gel permeation chromatography (GPC) analysis were 
performed. 

NMR experiments were conducted in a Varian VNMRS 500 MHz 
spectrometer operating at the 13C resonance frequency of 125.7 MHz. 
For solid-state measurements, 13C{1H} cross-polarization, (CP) NMR 
experiments were obtained for membranes at magic angle spinning 
(MAS) of 6, 8 and 10 kHz with a contact time of 0.5 μs, relaxation delay 
of 5 s, 1H-π/2 pulse length of 2.5 μs, and 1H TPPM decoupling [33]. 
Typically, ~1400 transients were collected. The FIDs Fourier transform 
was weighted by a line-broadening factor of 100 Hz. Since in the CP, the 
magnetization transfer is unfavored at higher MAS rates, the experi-
ments at MAS of 6 kHz were chosen to be discussed. Chemical shifts are 
reported relative to tetramethylsilane (TMS) at 0 ppm for 1H and 13C, 
using adamantine as a secondary reference for the 13C with the CH2 
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carbon at 38.5 ppm. The spectra were deconvoluted using Gaussian/-
Lorentzian distributions with the DMFit software [34]. 

Raman spectra were obtained from a Horiba Jobin Yvon, model 
XploRA-PLUS spectrometer with a laser wavelength 785 nm, power of 
85 mW, objective lens of 50X, numerical aperture (NA) of 0.50 N A., 
HORIBA Instruments Incorporated/Syncerity TM CCD detector and a 
resolution of 4 cm− 1 using the software LabSpec6. 

GPC was carried out to determine the molecular weight and 
dispersion of the remaining grafting solution after the irradiation step 
and membrane removal. The Prominence UFLC Shimadzu system was 
equipped with two Columns: the first Waters Sytragel pre-column, 4.6 ×
30 mm, 500 Å and the second Phenogel 5 μm Linear (2), 7.8 mm × 300 
mm (2x) and calibrated with poly(styrene) standards (100–1x107 Da) in 
chromatographic grade CHCl3. 

2.4. Thermal properties characterizations 

Thermogravimetric analysis (TGA) was carried out using TG/DTA/ 
SDT Q600 model, TA Instruments with a heating rate of 10 ◦C min− 1 in a 
temperature range of 25–650 ◦C under N2 atmosphere at 100 mL min− 1. 
The differential scanning calorimetry (DSC) measurements were per-
formed in the equipment Perkin Elmer model DSC6000 to measure the 
melting and crystallization temperatures. Samples (~5 mg) were sealed 
in aluminum pans, and the experiments were carried out by heating- 
cooling-heating with the rate of 10 ◦C min− 1 from room temperature 
up to 300 ◦C under N2 atmosphere flow of 50 mL min− 1. 

2.5. Mechanical characterization 

The mechanical properties of membranes (Young’s modulus (MPa), 
tensile strength (%), and elongation at break (%) were measured at room 
temperature using a universal test machine, Instron model 5567, cell 
load 1 kN. Long-strip specimens were die-cut with a width of 4 mm and a 
length of 25 mm. Employing the same test protocol, three specimens of 
each sample were tested to minimize errors associated with 
measurements. 

2.6. Degree of grafting (DoG), ion exchange capacity (IEC), gravimetric 
water uptake (WU), through-plane swelling (TPS), in-plane swelling (IPS), 
hydration number (λ) 

The degree of grafting (DoG) of grafted samples was estimated by 
gravimetry based on the difference in ETFE-g-poly(VBC) film weights 
before and after the grafting step as shown in Equation 1 (Table 1). IEC 
measurements were carried out in a Titrino 848 Plus titrator (Metrohm) 
using an electrode of Ag/AgCl. Dry ETFE-g-poly(VBC)-AEMs in chloride 
form were immersed in 20 mL aqueous solution of NaNO3 (2.3 M) under 
stirring overnight. In sequence, 2 mL of aqueous solution of HNO3 (1 M 
HNO3) was added and kept under constant stirring for approximately 2 
h. Thus, such solutions were titrated with aqueous solution of AgNO3 
(0.0205 N) until the endpoint volume was identified. The IEC values of 
resulting AEMs were calculated by the volume of AgNO3 solution that 
consumed the amount of the Cl− through titration as shown in Equation 
2 (Table 1). 

Water uptake (WU) of AEM in the chloride form (3 × 3 cm) was 
calculated by using Equation 3 (Table 1), where mhyd is the weight of wet 
membrane, and mdry is the weight of dry membrane. Furthermore, in- 
plane swelling (IPS) and through-plane swelling (TPS) were estimated 
by using Equations 4 and 5 (Table 1), respectively, taking into account 
the area and thickness of both dry and wet for each sample. In all cases, 
the samples were soaked in UPW for 24 h at RT and wiping them in filter 
paper to eliminate water molecules not trapped inside the samples. The 
dry sample was measured after drying samples in a vacuum oven at 
50 ◦C for 12 h. In addition, the WU, IPS, TPS, and hydration number (λ, 
Equation 6) were determined at different temperatures (40–80 ◦C) 
keeping the sample for 1 h for each temperature. All experiments of this 

section were done using n = 3 samples of each AEM. 

2.7. Atomic force microscopy measurement 

Atomic force microscopy (AFM) measurements were carried out 
using an Agilent 5500 AFM/SPM atomic force microscope. Prior to AFM 
measurements, the samples were dried at 50 ◦C for 12 h. The membrane 
surface topography images were obtained in soft tapping mode under 
room temperature and ambient atmospheric conditions. AFM images 
were acquired on each sample to determine mean roughness values and 
their associated standard deviations. The topographic parameters were 
evaluated in terms of average roughness (Ra), root mean square 
roughness (RMS), and maximum height (Hm). 

2.8. Electrochemical characterizations 

2.8.1. Anion conductivity (σ) 
Prior to the measurement, each sample (1 × 4 cm) was previously 

placed in an aqueous solution of KOH 1 M for 24 h, washed with UPW, 
and subsequently put in a 4-probe conductivity measurements apparatus 
(BT-112 conductivity cell, Scribner Associates). The measurements were 
conducted in the temperature range of 30–80 ◦C, with 100% of relative 
humidity (RH) under a constant N2 (99.9992%) flow of 0.5 mL min− 1. A 
constant potential of 0.8 V was applied to generate a current between 
800 and 1000 μA responsible for the rapid decarbonation of the sample 
for 3 h at 40 ◦C before the measurement started. After the decarbonation 
process, a scanning dc sweep from − 0.1 V to 0.1 V was conducted using a 
potentiostat coupled to a Scribner Assoc. 850E fuel cell test station each 
10 min, 4 times for each cell temperature. The resistance was obtained 
by the linear fit of the linear voltage-current data and the conductivity 
was calculated by using Equation (7) with d = 0.425 cm and “w” and “t” 
are the width and thickness of the hydrated AEM samples, respectively. 
All experiments in this section were done using n = 3 samples for each 
AEM. The methodology described can be consulted in detail elsewhere 
[35,36]. 

σ =
d

R x w x t
Equation (7)  

2.8.2. Membrane electrode assembly (MEA) and fuel cell tests 
Gas diffusion electrodes (GDE) were prepared for fuel cell and short- 

term durability tests. Pt/C (Alfa Aesar, Johnson Matthey HiSPEC 4000, 

Table 1 
Summarizing equations used to determine membrane properties.  

Characterization Description Equation 

DoG DoG (%) =
mg − mi

mi
× 100 

mi = weight of the polymer before grafting step 
mg = weight of the polymer after grafting step 

(1) 

IEC IEC (mmol /g) =
V ∗ Fc

mdry 
V = the volume of solution used 
Fc = 0.0205 N 
mdry = dry weight of AEM 

(2) 

WU WU (%) =
mhyd − mdry

mdry
× 100 

mhyd = weight of wet membrane 
mdry = weight of dry membrane 

(3) 

IPS IPS (%) =
Ahyd − Adry

Adry
× 100 

Awet = area of wet membrane 
Adry = area of dry membrane 

(4) 

TPS TPS (%) =
thyd − tdry

tdry
× 100 

thyd = thickness of wet membrane 
tdry = thickness of dry membrane 

(5) 

λ λ =
WU

IEC x 18.02 x 100 
The value 18.02 refers to H2O molar mass 

(6)  
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40% wt% Pt) was used as a catalyst in the cathode as well as PtRu/C 
(Alfa Aesar, Johnson Matthey HiSPEC 12100 40 wt% Pt and 20 wt% Ru) 
was used in the anode. The cathode catalyst ink was prepared by mixing 
Pt/C catalyst (80 wt% of the total solid mass) and homemade powdered 
anion-exchange ionomer (AEI) (20 wt% of the total solid mass) with 1 
mL of water and 9 mL of propan-2-ol solvents. The anode catalyst ink 
was prepared by mixing PtRu/C catalyst (53 wt% of the total solid 
mass), AEI (20 wt% of the total solid mass), carbon Vulcan (27 wt% of 
the total solid mass) with 1 mL of water and 9 mL of propan-2-ol sol-
vents. Previously to deposition, the ink was sonicated for 30 min at room 
temperature and sprayed over a paper gas diffusion substrate (Toray 
TGP-H-60 carbon paper, GDL Teflonated) by using a spray gun with 
nitrogen. The effective electrode area was 5 cm2 and Pt loadings were 
0.5 ± 0.03 mg cm − 2 for both anode and cathode. 

AEI-based on ETFE powder (Fluon® Z-8820X, AGC Europe), used as 
ionomer in the GDE, was pre-irradiated using e-beam radiation source in 
air, RT, and radiation absorbed dose of 100 kGy. Briefly, pre-irradiated 
ETFE powder (5 g) was immersed in aqueous solution containing 5% 
vol. VBC (Sigma-Aldrich, 97% purity, mixture of 3- and 4-isomers) and 
1% vol. 1-octyl-2-pyrrolidone dispersant (Sigma-Aldrich). The 
powdered AEIs have an IEC of 2.30 ± 0.01 mmol g− 1. The detailed 
methodology for solid AEI synthesis is described elsewhere [37]. 

The electrodes and AEMs (4 × 4 cm) were immersed in an aqueous 
solution KOH (1 M) for 1 h to form AEM/AEI in OH− form and then 
washed carefully with UPW to remove the excess of OH− . The MEA was 
prepared by sandwiching the AEM between two freshly prepared elec-
trodes, and it was assembled in single fuel cell hardware by applying a 
torque of 5.5 N m. 

H2/O2 fed (CO2-free) AEMFC tests were performed on 5 cm2 single 
cell hardware (Scribner Assoc. USA). The fuel cell tests were conducted 
in a Scribner Assoc. 850E fuel cell station. The beginning-of-life polar-
ization curves were taken in the galvanostatic mode at 60 ◦C, humidi-
fication temperature at 55 ◦C with gas supply of 1.0 L min− 1 for both H2 
(99.999%) and O2 (99.998%). 

2.8.3. Stability tests 
The chemical AEM stability tests were performed using the same 

protocol described in item 2.8.1. The tests were conducted accomplished 
at a fixed temperature of 80 ◦C, and relative humidity of 80%. The AEM 
conductivity data were collected at each 15 min for 100 h. The stability 
data were obtained from the normalized OH− conductivity loss (% h− 1) 
as a function of time, after linear regression of the resulting data. 

Short-term H2/O2 fed (CO2-free) AEMFC tests were carried out by 
fixing a constant current to generate a voltage of 0.7 V for 100 h, and the 
fuel cell voltage loss was registered. The durability tests were conducted 
in a Scribner Assoc. 850E fuel cell station. The temperature of AEMFC 
was kept at 60 ◦C with H2 (99.999%) anode gas flow = 0.5 L min− 1, and 
O2 (99.998%) cathode gas flow = 0.5 L min− 1. The temperatures of the 
reacting gases were adjusted periodically during durability tests to 
ensure adequate membrane hydration (55 ± 2 ◦C). All measurements 
were repeated on three identical samples. 

3. Results and discussion 

3.1. Preparation and structure analysis of the RAFT-AEM 

RIG-based AEM preparation involves three fundamental processes: i) 
irradiation, ii) grafting, and iii) functionalization. In the simultaneous 
RIG method, the free radicals are formed simultaneously on both the 
ETFE film and VBC. The radicals react to promote the grafting of VBC 
onto the film and homopolymerization of monomers in solution, with 
predominance of one to another, depending on reactional environments, 
such as reactants type and concentration, temperature as well as radi-
ation atmosphere (inert or oxidative). The homopolymerization is an 
undesirable process in the production of AEMs, leading to the con-
sumption of monomers that should be used in the grafting process. 

Moreover, the grafting process is responsible for the attachment of side 
chains in the base polymer, which in turn has the purpose of sustaining 
the functional groups responsible for ionic conduction. The irradiation, 
grafting, and quaternization form processes are represented in Scheme 
S1. 

The general mechanism of RAFT polymerization was proposed in 
1998 by the Common Wealth Scientific and Industrial Research Orga-
nization (CSIRO) [38]. The mechanism is based on the formation of free 
radical sites on polymer chains, which are available either initiating the 
polymerization, when in touch with a monomer, or recombining with 
other radicals. The initiation step occurs by the homolytic cleavage of 
the bond between molecules and atoms by the deposition of radiation 
energy leading to the creation of ions, excited species, and free radicals, 
then the radical formed can be added to another monomer to proceed 
with the chain reaction [38]. The grafts are grown as a result of their 
action of free radical sites formed onto a polymer base and monomers. 
On the other hand, the homopolymer can be formed in the RIG simul-
taneously method promoted by the reaction involving only 
monomer-free radical species. The high degree of grafting yields and low 
homopolymer contents are obtained if the polymer backbone is much 
more susceptive to grafting than the monomer to polymerize and/or if 
the concentration of the monomers is low [39]. As a sequence, the 
propagating radical is added to the RAFT agent and generates an in-
termediate radical, in which fragments form new radical and 
macro-RAFT agents (polymer chains bearing RAFT agent chain transfer 
moieties). The next step consists of the RAFT agent-formed radical 
restarting the polymerization by its reaction with monomer to form 
another propagating radical. The main reaction equilibrium is regarding 
active propagating groups and dormant polymeric RAFT agent-derived 
compounds reaction. The resulting products of RAFT polymerization 
are chains with or without thiocarbonylthio end-groups at the ω-end 
(living and dead chains, respectively) [18]. Scheme 1 summarizes the 
processes involved in the RAFT-based grafting of VBC onto ETFE 
through ionizing radiation. 

The conventional-RIG and RAFT-based (ETFE-g-poly(VBC)) AEMs 
were submitted to the amination step, e.g., treatment of the ETFE-g-poly 
(VBC) films with trimethylamine, which converts the non-ionic films to 
covalently bond to QA head-groups (-NR3), conferring to ETFE-g-poly 
(VBC) the ability to conduct anions such as Cl− , HCO3

− , and OH− [40]. 
To elucidate the effect of the RAFT agent in the AEM structure, NMR 

experiments were conducted. Fig. S1 shows the 13C{1H} cross polari-
zation under magic angle spinning (CP-MAS) spectra of the resulting 
AEMs with the band around 22 ppm, coming from the ETFE, used as a 
normalization parameter. The peaks at 119 and 22 ppm are attributed to 
the CF2 and CH2 of the ETFE, respectively. The peak at 119 ppm is 
strongly underestimated due to reduced magnetization transfer from 
protons. The peaks at 147 and 131 ppm are assigned to the aromatic 
carbons of the VBC monomer [41]. In addition, the peaks at 45 and 41 
ppm are due to the CH2 and CH3 aliphatic carbons of the VBC, respec-
tively. The peak at 53 ppm is attributed to the methylammonium car-
bons, whereas the peak at 69 ppm is related to the C–N carbons of TMA. 
The spectra confirm that all samples were synthesized successfully using 
the RAFT-RIG methodology. The peak area data are compiled and can be 
better visualized in Table S1. 

The CP-MAS experiments, as performed, could not provide an ab-
solute quantitative analysis, however, a comparison between spectra of 
the samples with respect to the ETFE peak intensities gives information 
about the tendency in forming homopolymer. Notably, the NMR spectra 
(see Fig. S1) show that the peak intensities referred to VBC decrease as 
the quantities of RAFT agent increase in the homopolymerization re-
action i.e., from E0 to E30 (also noticeable in the peak area listed in 
Table S1). Such a feature confirms the suppression of the grafting re-
action with the increasing amount of RAFT agent in good agreement 
with DoG data. 
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3.2. Membrane properties 

Properties, such as degree of grafting, ion-exchange capacity, water 
uptake, through and in-plane swelling, and hydration number of all 
AEMs are summarized in Table 2. In terms of DoG, a decrease in the 
values as the amount of RAFT agent increases is evidenced. This is 
entirely consistent with the hypothesis that the incorporation of RAFT 
agent reduces the degree of grafting by controlling side chain molecular 
size during the grafting process once the RAFT agent is bound to the 
monomer to promote the VBC copolymerization [29]. However, it does 
not, necessarily, reflect a decrease in VBC grafting, mainly, if considers a 
significant diminishing in the AEM molecular weight, which can likely 
hide true DoG values estimated by gravimetric measurement. 

In general, IEC tends to increase proportionally with DoG once the 
ion transport capacity is directly related to the number of functional 
groups attached to the side chains produced by grafting [42]. None-
theless, it was observed that IEC values decrease slightly with the in-
crease of RAFT agent during the grafting process, not following the 
proportionality observed for DoG variation. Practically, there is no IEC 
variation evidence for E0 (non-RAFT agent) and E5 (RAFT = 5 mg) with 
IEC values of 2.32 mmol g− 1. On the other hand, more appreciable 
difference is observed for E15 (RAFT = 15 mg) and E30 (RAFT = 30 mg) 
AEMs with IEC values of 2.10 and 1.90 mmol g− 1, respectively. Such 
differences represent a decrease of about 18% in IECs and 62% in DoG 
values when comparing AEMs non-RAFT agent with those obtained with 
the highest amount of RAFT agent (E30). Therefore, the evidence of a 

proportional difference between the DoG and IEC values for E0 and E30 
reinforces that DoG and IEC follow a decreasing trend with the increase 
in the amount of RAFT agent. This observation suggests an underesti-
mation in the absolute values of the DoG of the RAFT-AEMs due to a 
reduction in the size of the side chain. 

The WU of the AEM are properties closely associated with the 
quantity of QA in the molecular structure of the membrane [43,44]. 
Water absorption is a very important parameter for AEMs, and is 
responsible for their main electrochemical characteristics, but it must be 
controlled since affects their dimensional stability and mechanical 
properties. WU values presented in Table 2 follow the trend E0 ≈ E5 >
E15 > E30, which means that WU decreases as the RAFT agent amount 
increases. It is worth noting that WU follows both DoG and IEC. The DoG 
decreasing as a function of RAFT agent amount is likely a result of the 
suppression effect of the grafting reaction in RAFT-AEM, affecting the 
QA number and, consequently, the IEC. In addition, the hydration 
number (λ) follows the same trend observed for WU, indicating that the 
RAFT agent suppresses water absorption, but without affecting the ionic 
conductivity in the same proportion, since other effects such as the AEM 
microstructure, which can be influenced by the RAFT agent, are also 
important properties in the conduction mechanisms. 

Excessive WU and swelling properties affect the dimensional stabil-
ity of AEMs. Consequently, variations in swelling states can trigger 
membrane detachment between electrodes within the MEA, resulting in 
poor AEMFC performance [45]. The dimensional swelling variation in 
the area is associated with IPS as well as the thickness variation under 
wet and dry states is ascribed as TPS (Table 2). IPS values are notably 
influenced by humidity levels, which in turn aligns with IEC. Despite 
this, TPS (Table 2) is practically unaltered for all AEMs. Indeed, TPS 
values exhibit a modest thickness variation (~18%) at room tempera-
ture. On the other hand, for temperatures as high as 80 ◦C, the TPS 
values demonstrate more pronounced changes. For instance, the E0 
sample experiences an increase from 17% at RT to 53% in TPS at 80 ◦C, 
while for E5, E15 and E30 samples, TPS varies from 17% to 48%; 18%– 
47%, and 18%–40%, respectively. Thus, at higher temperatures, TPS is 
in line with IEC values, as shown in Fig. S4. Moreover, it is worth 
mentioning that not only TPS, but also other water-related parameters, 
such as WU, IPS, and λ, increase with the temperature increase (see 
Figs. S3, S5, and S6). 

Gel permeation chromatography (GPC) was used to measure the 
molecular weight and evaluate the influence of the RAFT agent on the 
grafting process (Fig. 1). In contrast to E0, which presents a bimodal 

Scheme 1. Preparation of ETFE-g-poly(VBC) membranes by the RAFT polymerization and amination with TMA.  

Table 2 
Degree of grafting (DoG), ion-exchange capacity (IEC), water uptake (WU), 
through-plane (TPS), and in-plane swelling (IPS), hydration number (λ) for RIG- 
AEM (E0) and RAFT-based AEM synthesized with different amounts of RAFT 
agent (E5, E15, and E30).  

AEM Properties E0 E5 E15 E30 

Ratio (Monomer/ 
RAFT) 

1065 540 181 91 

DoG (%) 102 ± 3 84 ± 1 69 ± 1 63 ± 3 
IEC (mmol g¡1) 2.36 ±

0.03 
2.32 ±
0.03 

2.10 ±
0.02 

1.90 ±
0.01 

WU (%) 59 ± 2 55 ± 1 42 ± 1 21 ± 2 
IPS (%) 21 ± 2 20 ± 2 13 ± 3 9 ± 3 
TPS (%) 17 ± 1 17 ± 2 18 ± 1 18 ± 1 
λ 14 ± 2 13 ± 2 11 ± 1 6 ± 2  
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profile, the elution behavior in the GPC experiments for solutions of 
RAFT-based AEM is essentially unimodal, indicating an excellent uni-
formity of chains. The average molecular weight (MW) was found to 
decrease remarkably as a function of the increasing amount of RAFT. 
The MW values of 29.608; 17.381; 6.773 and 3.674 g mol− 1 were ob-
tained for E0, E5, E15, E30, respectively. Similarly, the dispersity index 
(MW/ Mn, where Mn is the number averaged molecular weight) was 
calculated to be 2.8, 2.8, 2.2, and 1.7, respectively to E0, E5, E15, and 
E30. This indicates a narrower and more uniform MW distribution for 
RAFT-based AEMs in comparison to conventional RIG-AEMs. This 
finding suggests that the monomer polymerization is strongly controlled 
by the RAFT agent, with a peak of about 15–20.5 min corresponding to 
the homopolymer in solution, which is in excellent agreement with the 
literature [29]. Chen and Seko [46] also observed a decrease in both 
parameters molecular weight and dispersion in poly(CMS) grafted onto 
ETFE films after the addition of RAFT agent. In addition, the authors 
reported that a higher concentration of RAFT agents in the monomer 
solution could effectively trap the radicals generated by irradiation. 
Then, this approach can be used for producing monodispersed polymers 
or oligomers for specific applications. 

Fig. 2 shows the Raman spectra of pristine ETFE and resulting AEMs. 
For pristine ETFE, intense bands at 870 cm− 1 attributable to CF2 
stretches and at 1400 cm− 1 associated with CH2 bonds confirm the 
inherent perfluorinated character of ETFE [47]. For AEMs, a band at 
1035 cm− 1 assigned to the ring-breathing vibrations of phenyl units was 
evidenced for all membranes. The bands at 1200 and 1630 cm− 1 cor-
responding to –CH2Cl groups and aromatic ring vibration, respectively, 
were observed indicating the successful grafting in the presence of RAFT 
agent [47,48]. A small band centered at 756 cm− 1 was ascribed to the 
amination due to the presence of the quaternary ammonium group 
(-N+(CH3)3). A band at 780 cm− 1 referring to C–S stretching vibration of 
the RAFT chain-end groups of the grafted VBC it was not detected. The 
same was reported by Çelik et al. [29] indicating that the high-intensity 
bands of ETFE backbone and graft-saturated absorbed bands in this re-
gion cause overlay on RAFT groups in the Raman signal. 

3.3. Thermal properties 

Thermal stability is a crucial factor for AEMs to be considered in fuel 
cells. Thermal stability was evaluated using TGA and DSC techniques. 
Fig. 3 shows the TGA/DTG curves obtained in a temperature range from 
25 ◦C to 650 ◦C under N2 atmosphere. These conditions are consistent 
with the decomposition processes of polymeric backbone, side chains 
(copolymers), and functional groups in conventional RIG-AEM (E0) and 
RAFT-AEMs (E5, E15 and E30). All membranes exhibit different steps of 
weight loss thermal degradation around 100 ◦C, 200–300 ◦C, 
350–450 ◦C, and above 500 ◦C. The first weight loss (100 ◦C) is related to 
the desorption of water bonded to the anionic group, mainly the water- 
sensitive portion of the AEM associated with functional groups (hydro-
philic clusters), followed by the decomposition process of such func-
tional groups (200–300 ◦C) [48]. A third step (350–450 ◦C) can be 
attributed to the thermal degradation of side chains of poly 
(VBC)-grafted to ETFE, and the last thermal degradation has been 
assigned to the ETFE polymer backbone degradation [49]. In terms of 
temperature, no shift in the processes is evidenced for RAFT-AEMs, 
indicating that the thermal degradation processes are essentially unal-
tered. However, by analyzing TGA data, it is possible to observe that 
RAFT-AEMs have significantly lower mass loss (E0 = 7%; E5 = 6%; E15 
= 12%; E30 = 5%) in the third step (side chain degradation) compared 
to AEM grafted without RAFT agent. This is an indication that the 
thermal stability is not affected by the ordering of chains effect caused 
by the RAFT agent in the AEMs grafts structure, as all samples started to 
lose weight around 180 ◦C, attributed to the functional groups. 

The DSC curves are presented in Fig. S2. An endothermic peak at 
about 263 ◦C was evidenced for all the membranes, indicating that the 
observed Tm is independent of both RAFT agent amount and RIG con-
ditions. Considering that the Tm is directly related to the intrinsic 

Fig. 1. Gel permeation chromatography chromatograms of E0 (red line), E5 
(blue line), E15 (magenta line), and E30 (green line). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 2. Raman spectra of pristine ETFE film (black line), E0 (red line), E5 (blue 
line), E15 (magenta line) and E30 (green line). The data were collected using an 
excitation wavelength of 785 nm and laser power of 85 mW. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 3. TGA (left axis) and DTG (right axis) curves of all AEMs. E0 (red line), E5 
(blue line), E15 (magenta line), and E30 (green line). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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properties of the base polymer, it is possible to infer that the RAFT does 
not influence significantly the thermal properties of the samples. In 
Figs. S2–b, it is possible to identify exothermic peaks between 234 and 
238 ◦C, which were ascribed as the crystallization temperature (Tc) of 
samples. No appreciable shift on the Tc is evidenced for RAFT-AEMs, 
revealing that the RAFT agent has no influence on the crystallization 
transition of the polymer. Such a finding is reasonable once the RAFT 
acts in the copolymerization step, associated with side chain growth, 
while the crystallization process is primarily associated with the poly-
mer backbone. The results reveal that the thermal processes of the 
proposed AEMs follow the same trend of the respective ETFE backbone. 
Furthermore, the values presented are in agreement with the literature 
for pristine ETFE and other similar materials based on ETFE [29,50–53]. 

3.4. Mechanical properties 

The mechanical properties of AEMs were evaluated by uniaxial 
tensile stress tests and the main results are summarized in Table 3. In 
order to avoid operational errors, each sample was measured using three 
specimens and the results presented represent the average of these 
measurements. All AEMs exhibited the standard profile of stress in-
creases as a function of strain percentage. Moreover, a higher Young’s 
modulus and tensile strength hand elongation at break were observed 
for E5, E15, and E30 in comparison to E0 samples. 

Young’s modulus is an indirect measurement of the stiffness of the 
polymer given by the ratio between stress and strain. In AEM, any 
change in Young’s modulus is associated with the amount of monomer 
grafted to the polymer matrix, which is primarily responsible for its 
mechanical characteristics. This parameter is measured in the early 
portion of the curve. Moreover, Young’s modulus is higher for RAFT- 
AEMs in comparison to E0, having a linear growth with the amount of 
RAFT agent. In terms of Young’s modulus values, E0 and E5 are quite 
similar while E15 and E30 showed a fourfold increase in this property. 

Analyzing the elongation at break and tensile strength results, it can 
be observed that both elastic modulus and tensile strength increase 
significantly in RAFT-AEMs in comparison to conventional grafted AEM. 
This confirms an enhancement in the stiffening property, which in turn 
can be related to the decrease in IPS and WU for RAFT-AEMs. According 
to the literature, water molecules cause a plastic effect on the membrane 
that can be responsible for reducing the mechanical properties of the 
membrane [54,55]. Moreover, polymers partially fluorinated as ETFE 
trends to form less chain scission after the irradiation process, as a 
consequence the polymers presented higher molecular weight and 
improvement of properties such as strength break and toughness [56]. 
Thus, by increasing the addition of RAFT it was possible to observe the 
same contribution of this agent on mechanical properties. According to 
the literature stress at break, elongation at break, and Young’s modulus 
should be > 10, > 100%, and between 75 and 400 MPa, respectively as 
being required for fuel cell membranes [12]. 

Fig. 4 shows the profile of the tensile stress-strain of AEMs, where 
two important points are observed: i) the resilience increases with the 
RAFT agent content, suggesting that the material can absorb energy 
without suffering damage; ii) the fracture points, which can be related to 
the modulus of toughness, are remarkable high for RAFT-AEMs, indi-
cating good impact resistance. Thus, both parameters are an indicator 
that the RAFT agent contributes remarkably positive to the mechanical 
reinforcement of AEMs. 

3.5. Membrane morphology 

Fig. 5 depicts the topographic images of the grafting process evolu-
tion for pristine ETFE (a), and E0 (b), E5 (c), E15 (d), E30 (e) AEMs 
obtained by AFM analysis. The AFM images illustrate that the intro-
duction of poly(VBC) into the ETFE film is capable of changin the surface 
roughness (9.0 nm) for all AEMs, while ETFE film exhibits several many 
spiked projections (see Fig. S7). Fig. 5b–e shows how the surface 
topography of AEMs evolves from the introduction of grafted side chains 
in conventional RIG-AEM (Fig. 5-b) to RAFT-based AEM with different 
RAFT contents (Fig. 5c–e). The surface roughness was 24.0 nm, 18.9 nm, 
15.7 nm, and 10.9 nm for E0, E5, E15 and E30, respectively. These re-
sults reveal that RAFT-based AEMs present significant differences in the 
surface roughness compared with conventional RIG-AEM (E0), probably 
resulting from morphological modification of AEMs in the presence of 
RAFT agent. 

In terms of the morphology of the AEMs, the dark regions are related 
to the hydrophilic domains containing the QAs, and the bright regions to 
the hydrophobic domains composed by the ETFE backbone, in which 
alternating arrangement of bright and dark regions suggests the phase 
separation morphology of the AEM [57–59]. Morphology control is a 
fundamental parameter for enhancing the AEM properties such as ion 
conductivity, stability, and AEMFC performance [57–59]. By comparing 
conventional RIG-AEMs and RAFT-based AEMs (E5, E15, and E30), it is 
possible to notice that E0 and E15 present a poor uniformity morphology 
as well as E5 and E30 exhibit a more ordered morphology. This finding 
indicates a well-balanced spatial arrangement for E5 and E30 in com-
parison to E0 and E15, suggesting that the improvement in dimensional, 
mechanical and chemical stabilities can be associated with the more 
ordered morphology as a result of the side chain length control intro-
duced by RAFT agent. 

3.6. Conductivity measurement 

The high ionic conductivity (σ) associated with thermal, mechanical, 
and chemical stability are requirements for using AEMs application in 
electrochemical devices. However, reconciling all these properties in 
one membrane has been truly challenging. In order to evaluate whether 
the presence of RAFT can affect the anion conductivity, not by the 
amount of QA, but by a controlled arrangement of the side chains in the 
AEM structure. By considering that in the grafting process involving 
RAFT agent, the side chains have a more consistent and controlled chain 
length, it is expected that the ionic conduction mechanism would be also 

Table 3 
Tensile strength, Young’s modulus, and elongation at break results of all AEMs.  

AEM properties E0 E5 E15 E30 

Tensile strength (MPa) 14 ± 5 22 ± 1 25 ± 1 21 ± 3 
Young’s modulus (MPa) 253 ± 20 275 ± 15 408 ± 9 418 ± 25 
Elongation at break (%) 130 ± 30 190 ± 6 189 ± 8 220 ± 19  

Fig. 4. The tensile stress-stain curves at room temperature for E0 (red line), E5 
(blue line), E15 (magenta line), and E30 (green line) AEMs in the chloride form. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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facilitated. In general, the mechanism of ionic conductivity in AEMs is 
dependent on the characteristics related to the water absorption of the 
AEM, in which the mechanism is governed by a combination of vehic-
ular diffusion and Grøtthuss mechanism through the water network, 
contributing to the water content balance in the AEM [60–63]. 

The “true hydroxide conductivity” of the membrane was determined 
by following the procedure described by Dekel et al. [35,36], where a 
constant voltage is applied continuously to generate a current that 
avoids the carbonation process of AEM. Fig. 6 presents the σ profile as a 
function of the temperature (30–80 ◦C). The conductivity values are 
ranging from 99 to 244 mS cm− 1 (30–80 ◦C) irrespective of the presence 
of the RAFT agent. For example, the values at 80 ◦C were 244, 236, 217, 
and 235 mS cm− 1, corresponding to E0, E5, E15, and E30 AEMs, 
respectively. Such conductivities values are close to those previously 
found in our group [64] and significantly superior to their conductivity 
values for another ETFE-based AEMs produced by conventional RIG (see 
Table S3). 

Fig. 6 shows that σ does not follow the IEC for the E30 sample. 
Specifically at 80 ◦C, the σ for E30 is similar to that of samples E0 and E5, 
and even superior to that for E15. It is notable that the IEC value of the 
E30 samples is comparatively lower in relation to the other samples: E0 
(2.36) ≈ E5 (2.32) > E15 (2.10) > E30 (1.90). A priori, this fact is not 

intuitive since the water absorption in AEMs, in general, is proportional 
to the IEC. Hossain et al. [45] demonstrated that AEMs with comparable 
IEC might exhibit different conductivities due to their morphological 
structures. Moreover, Dang et al. [65] report that differences in OH−

conductivity among AEMs with approximately 25% variation in IEC and 
similar λ could be attributed to their molecular architectures. The au-
thors hypothesized that the length of the side chain plays a role in 
promoting ionic clustering and phase separation, ultimately leading to 
enhanced mobility of side chains within AEMs. 

In this context, AFM analysis (Fig. 5) demonstrated that RAFT-AEM 
exhibits a more ordered morphology in comparison to conventional RIG- 
AEM (E0), which contributed to significant differences in the roughness 
of RAFT-AEMs. Particularly for E5 and E30, hydrophilic/hydrophobic 
phase separation is more evident, which could indicate an increase in 
the local concentration of OH− ions within the aggregated domains. 
Hence, these findings could support for confirming that conductivity is 
not only associated with IEC but also with the arrangement of ionic 
domains in the structural morphology of AEMs. Furthermore, this can 
explain the main differences in the disparities between IEC and con-
ductivity in RAFT-based AEMs, where the morphology is directly 
affected by the manipulation of side chain length. 

Fig. 5. AFM images with 400 nm-scale resolution for pristine ETFE film (a), and E0 (b), E5 (c), E15 (d), E30 (e) AEMs in the chloride form.  

Fig. 6. The conductivity dependence with temperature, The “true Hydroxide 
conductivity” of E0 (red line), E5 (blue line), E15 (magenta line), and E30 
(green line) between 30 and 80 ◦C and RH = 100%. (In some points, the 
standard deviation bars are very small and they appear overlapping or inside 
the data circles). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. AEMFCs performances at 60 ◦C with H2 anode gas flow = 1.0 L min− 1, 
and O2 cathode gas flow = 1.0 L min− 1, both supplied unpressurized with 
optimal dew-point temperatures of 55 ◦C. Catalysts: PtRu/C at the anodes and 
Pt/C at the cathodes. Pt loadings of 0.5 ± 0.03 mg cm− 2. The thickness AEMs in 
the OH− form were 69 μm (E0), 63 μm (E5), 61 μm (E15), 55 μm (E30). 
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3.7. AEMFC performance 

Fig. 7 shows beginning-of-life H2/O2 AEMFC polarization and 
respective power density curves for RIG-AEM (E0) and RAFT-AEMs (E5, 
E15, E30) operating at 60 ◦C. A typical polarization profile for AEMFC is 
evidenced for all the membranes characterized by the activation, ohmic 
drop and mass transfer overpotentials. The overpotential activation 
observed at low current densities region (up to 0.3 A cm− 2) is resultant 
of the electronic transfer associated with the slow kinetics of the re-
actions involved in the electrodes as a rate-determining step, which is 
essentially attributed to oxygen reduction reaction (ORR). The second 
relevant overpotential is related to ohmic drop, evidenced in interme-
diate current densities (up to 1.3 A cm− 2), which is primarily caused by 
losses in conducting components, such as membranes, bipolar plates, 
and electrodes. Taking into account that electrodes and bipolar plates 
are composed of conducting materials, the ohmic drop overpotential can 
be essentially associated with the conductance response of AEMs. 
Finally, the mass transfer overpotential refers to the diffusion of re-
actants - resulting from the difference between the rates of consumption 
of reactant and formation of product - as the rate-determining step [66, 
67]. 

In terms of performance, the maximum power density for E0, E5, 
E15, and E30 samples were 0.97, 0.92, 0.88, and 0.68 W cm− 2 at 60 ◦C, 
respectively, following the same IEC trend: E0 (2.36) ≈ E5 (2.32) > E15 
(2.10) > E30 (1.90). Analyzing the polarization curves, it can be noted 
that the ohmic drop overpotential is quite similar for the different AEMs 
as previously discussed. The main difference in polarization response, 
and consequently in the power density curves, is a result of the mass 
transport overpotential, which can be observed by the limiting current 
density values, ranging from 2.2 to 1.4 A cm− 2 for E0 to E30 samples, 
respectively. 

Such a feature can be related to the complex water management 
attributed to an unbalance in the water movement between anode and 
cathode electrodes [68]. Several factors impact the water management 
within the fuel cell, including gas flow, dew-point, fuel cell temperature, 
gas diffusion layer, ionomer composition in the catalyst layer, and the 
inherent morphology of the membrane [69–72]. The AEM can facilitate 
the liquid water from the anode to the cathode depending on the 
movement of water within its structure. Then, the lowest power density 
for E30 should be mostly associated with the WU. In fact, E30 sample 
showed WU of 52% at 60 ◦C (see Fig. S4), while WU for E0, E5 and E15 
samples were 90%, 75%, and 70%, respectively. In turn, water absorp-
tion behavior in E30 can be a result of the low roughness, i.e. more 
compact morphology, characteristic of this sample. Comparing E0, E5 
and E15 no appreciable difference in maximum power density was 
identified, suggesting that the low content of RAFT agent in the AEM 
structure does not affect significantly the net AEMFC performance. 

3.8. Stability tests 

Fig. 8 shows the short-term alkaline stability tests for conventional 
RIG-AEM and RAFT-AEMs obtained at 80 ◦C, RH = 80% during 100 h. 
The results are presented as a normalization of the conductivity value as 
a function of time, where the rate (% h− 1) is the normalized conductivity 
loss determined by a linear fitting. The data show the following trend in 
stability: E5 > E30 > E0 > E15. E5 and E30 samples have the lowest 
conductivity losses, 0.05 and 0.09% h− 1, respectively, while E0 and E15 
have a conductivity loss of approximately 0.15% h− 1. In this case, there 
is an improvement in the stability of 160% when comparing the E0 and 
E5 samples. The superior chemical stability for E5 and E30 can be a 
result of better-ordered morphology as previously discussed and 
confirmed by AFM results. Furthermore, such results are comparable to 
or better than those found in the literature for similar RIG-AEM based on 
ETFE [32,60,73] or other polymer backbones (see Table S3). These 
findings have been supported by literature as evidence that composition 
and structure control are possible way to get around the degradation 

effects of AEMs resulting from the processing. 
Han et al. [74] reported a reduced susceptibility to attacks by OH−

ions inthe backbone of AEMs with well-ordered phase separation 
morphology. Thereby, the authors suggest that the chemical stability is 
enhanced when the membrane micromorphology is well-defined, 
contributing to low IPS and WU as well as the hydroxide ions must be 
better located in the hydrophilic domains. In addition, Long and Pivovar 
[75] explain in a very elegant way that the preferential route of degra-
dation of alkyltrimethylammonium groups in AEMs is the Hoffman 
elimination. However, the steric effect caused by the increase of the QA 
side chain (2–4 carbon atoms), improved the stability of the studied 
membranes, nevertheless, there is an ideal spacing limit between 
backbone and QA that must be considered (4–6 carbon atoms). This 
occurs due to the existing mutual inductive effect between the QA and 
the backbone of some types of AEMs, but it is minimized due to the 
distance increase. The elongation of the side chains has been reported as 
a possible relationship with the improvement of AEMs stability [75,76]. 
The same approach can be applied to RAFT-AEMs, which means that 
elongated side chains arranged in an ordered structure can protect the 
QA groups from nucleophilic attacks caused by OH− ions. Indeed, it is 
evident that besides the elongation of the side chains, the ordering of the 
polymer chains can lead to the improvement of the stability of AEMs 
[75–77]. 

Finally, short-term H2/O2 AEMFC durability tests for E0 and E5 
AEMs are shown in Fig. S8. Figs. S8–a shows that the fuel cell voltage 
loss for E0 and E5 samples in the initial hours of the test is significantly 
different. For the initial 10 h, E0 has a degradation ratio of 1.8 mV h− 1, 
while for E5 this value was close to 0.6 mV h− 1. After 50 h the differ-
ences between the samples remain evident, and E0 has 5 mV h− 1 while 
E5 has 2 mV h− 1. After 60 h the fuel cell voltage loss is equivalent for 
both samples. It is noteworthy that this type of durability test, i.e., 
performance in a single fuel cell, takes into account all aspects of 
degradation processes in AEMFC, such as its components and operating 
conditions, which makes it difficult to separate the effective and isolated 
contribution of the membrane for durability. Such a feature is evidenced 
in polarization curves obtained before (beginning-of-life) and after (end- 
of-life) durability tests (Figs. S8–b). The beginning-of-life polarization 
curves for both E0 and E5 present similar polarization profiles, indi-
cating very similar MEAs. A slight difference is observed at higher cur-
rent densities or in the region of the diffusion-limiting overpotential, 
which is very sensitive to humidification conditions, but in the case of 
short-term durability testing at 0.7 V, no significant irreversible loss is 
expected. On the other hand, the end-of-life polarization curves reveal 
an appreciable performance loss for both E0 and E5, caused more 
remarkably by higher activation overpotential, which is mostly related 

Fig. 8. Normalized conductivity loss at 80 ◦C, RH = 80% for E0 (red line), E5 
(blue line), E15 (magenta line), and E30 (green line) AEMs in the OH− form 
during 100 h. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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to the electrode. 
It is important to mention that the catalyst layers are composed of a 

solid ionomer without binder addition, which can lead to leaching of this 
component during the durability test, resulting in progressive both 
electrode activity and ionic conductivity losses in the triple-phase 
boundary, consistent with higher activation and ohmic drop over-
potentials observed in end-of-time curves. Obviously, it is not possible to 
attribute the loss of performance exclusively to the ionomer, but under 
these conditions, it seems to be the predominant factor. More appre-
ciable performance loss is evidenced for E0, which is in good agreement 
with true OH- stability experiments and reinforces the higher stability 
found for RAFT-based AEMs. 

Taking into account the literature approaches, the results obtained in 
this work show that, in addition to the backbone nature, QA type, and 
synthesis methodology, microstructure control plays an important role 
in the stability profile of AEMs. As a result, structural control of AEMs 
may be an option for achieving a balance of performance and stability in 
AEMFCs. 

4. Conclusions 

In this work, it was presented a series of anion-exchange membranes 
based on ETFE with well-ordering molecular structure using a reversible 
addition-fragmentation chain transfer agent combined with radiation- 
induced grafting. The strategy described here represents a promising 
practical route towards the rational design of the next generation of 
AEMs for application in fuel cells. The incorporation of the RAFT agent 
in the synthetic route enabled membranes with reduced water uptake 
behavior, as well as good dimensional stability, excellent mechanical 
strength, and good thermal stability. Moreover, the experimental results 
demonstrated that the RAFT-AEMs obtained can have hydroxide con-
ductivity comparable to a standard AEM and, consequently, the same 
trend was observed for AEMFC performance, showing that the new 
design can enhance the electrochemical properties through well-ordered 
conductive channels. Certainly, the key result presented here was about 
the excellent chemical stability of RAFT-AEM compared to the standard 
AEM. The stability tests showed that the E5 sample has the lowest 
conductivity loss (0.05% h− 1) being 160% higher than the E0 sample 
(0.13% h− 1). AFM images indicate a well-balanced spatial arrangement 
for E5 and E30 in comparison to E0 and E15, suggesting that the 
improvement in dimensional, mechanical and chemical stabilities can 
be associated with the well-ordered morphology as a result of the side 
chain length control introduced by RAFT agent. Finally, it can be 
concluded that the use of the RAFT agent not only improved the AEM 
properties and fuel cell performance, but also enhanced the chemical 
stability, and this is considered the most important target to be devel-
oped in AEMFCs. 
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